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Wntless (Wls), a gene highly conserved across the animal kingdom, encodes for a transmembrane protein
that mediates Wnt ligand secretion. Wls is expressed in developing lung, wherein Wnt signaling is
necessary for pulmonary morphogenesis. We hypothesize that Wls plays a critical role in modulating
Wnt signaling during lung development and therefore affects processes critical for pulmonary
morphogenesis. We generated conditional Wls mutant mice utilizing Shh-Cre and Dermo1-Cre mice to
delete Wls in the embryonic respiratory epithelium and mesenchyme, respectively. Epithelial deletion of
Wls disrupted lung branching morphogenesis, peripheral lung development and pulmonary endothelial
differentiation. Epithelial Wls mutant mice died at birth due to respiratory failure caused by lung
hypoplasia and pulmonary hemorrhage. In the lungs of these mice, VEGF and Tie2-angiopoietin signaling
pathways, which mediate vascular development, were downregulated from early stages of development.
In contrast, deletion of Wls in mesenchymal cells of the developing lung did not alter branching
morphogenesis or early mesenchymal differentiation. In vitro assays support the concept that Wls acts in
part via Wnt5a to regulate pulmonary vascular development. We conclude that epithelial Wls modulates
Wnt ligand activities critical for pulmonary vascular differentiation and peripheral lung morphogenesis.
These studies provide a new framework for understanding the molecular mechanisms underlying
normal pulmonary vasculature formation and the dysmorphic pulmonary vasculature development
associated with congenital lung disease.
& 2013 Elsevier Inc. All rights reserved.Introduction
Lung morphogenesis depends on highly organized interactions
between epithelium, mesenchyme and endothelium (Shannon and
Hyatt, 2004). Signals from the developing pulmonary mesench-
yme play critical roles in determining the stereotypical branching
pattern of the mammalian lung (Domyan and Sun, 2011; Shannon
et al., 1998). In a reciprocal manner, various growth factors
secreted by the epithelium promote differentiation of the pulmon-
ary mesenchymal cells (Del Moral et al., 2006; Yin et al., 2008).
More speciﬁcally, lung morphogenesis relies on the complex inter-
play of several signaling pathways including Wnt, BMP, Shh and FGFll rights reserved.
tal Medical Center Research
ncinnati, OH 45229, USA.
er).(Cardoso and Whitsett, 2008). Perturbations in these pathways
cause congenital malformations that result in perinatal death or
chronic lung disease (Morrisey and Hogan, 2010). Wnt ligand
reception has been the object of intense scrutiny, but the mechan-
isms by which Wnt ligands are produced and secreted are relatively
less understood.
Wnt ligands are secreted growth factors that mediate a vast
array of cellular responses by binding to cell membrane Frizzled
(Fzd) receptors, LRP5/6 co-receptors and other receptors, including
ROR2. To date, nineteen unique Wnt ligands have been identiﬁed
in vertebrates. Each triggers speciﬁc cell responses by activation of
distinct branches of the Wnt signaling pathway (Nusse, 2005).
Posttranslational modiﬁcation of Wnt ligands (acylation, glycosy-
lation, sulfation and lipid modiﬁcation) is necessary for normal
ligand function (Cha et al., 2009; Kadowaki et al., 1996), but
reduces Wnt solubility in the aqueous cellular and extracellular
space. Recent investigations identifyWntless (Wls), also known as
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Wnt ligands from the Golgi apparatus to the cell surface by
interacting with the lipid-modiﬁed domains in the ligands
(Banziger et al., 2006; Ching and Nusse, 2006; Coombs et al.,
2010; Goodman et al., 2006). With exception of Dorsal, a Droso-
phila non-acylated Wnt ligand, it is predicted that all Wnt ligands
require Wls for secretion to the cell surface (Ching et al., 2008).
Furthermore, Wls may be required for function of both canonical
and non-canonical branches of the Wnt signaling pathway (Adell
et al., 2009).
While the seminal studies in Drosophila demonstrated that
ablation of Wls induces abnormalities in wing and epidermis in
association with increased intracellular accumulation of Wnt
ligands, the role ofWls in vertebrates is only now being elucidated.
In the mouse, germline ablation of Wls resulted in embryonic
death due to abnormalities in axis speciﬁcation (Fu et al., 2009).
In Xenopus laevis, zygotic depletion of Wls disrupted eye deve-
lopment via a mechanism that involves anomalous secretion
of the Wnt4 ligand (Kim et al., 2009). Conditional deletion of
Wls revealed roles in pancreas and craniofacial development
(Carpenter et al., 2010; Fu et al., 2011), while in vitro and in vivo
studies suggested a role for Wls in structural changes in the
central nervous system associated with opioid dependence (Jin
et al., 2010a; Reyes et al., 2010). These data suggest thatWls serves
as a node to control Wnt ligand production in speciﬁc biological
contexts. Although Wls mRNA and protein have been detected
in the mouse lung (Jin et al., 2010b), the role of Wls in lung
organogenesis, wherein Wnt signaling is necessary for speciﬁca-
tion, patterning and growth (Goss et al., 2009; Harris-Johnson
et al., 2009; Mucenski et al., 2003; Shu et al., 2002, 2005), remains
unknown.
Epithelial–mesenchymal interactions are critical for induction
and coordination of vascular development in organs undergoing
branching morphogenesis including the lung (Del Moral et al.,
2006; van Tuyl et al., 2005). The developing pulmonary vascula-
ture plays an active role in lung formation that goes beyond
perfusion. Vascularization of the lung is necessary for normal
branching morphogenesis, alveolarization and maintenance of the
architecture of the distal airspace (van Tuyl et al., 2007). Abnormal
vascular growth during speciﬁc stages of lung development may
account for lack of alveolar septation, which in turn contributes to
the lung hypoplasia characteristic of bronchopulmonary dysplasia
(Abman, 2001). Vascular Endothelial Growth Factor (VEGF) (Del
Moral et al., 2006; Galambos et al., 2002) and angiopoietin (Ang)
(van Tuyl et al., 2007) pathways are critical in pulmonary vascular
development and lung growth (Chinoy et al., 2002). While VEGF
and Ang are well-established mediators in vascular biology (Breier
et al., 1997), recent evidence assigns a role for Wnt signaling in
vascular development (Corada et al., 2010; Goodwin and D'Amore,
2002; Ishikawa et al., 2001; Masckauchan et al., 2006; Monkley
et al., 1996). For example, Wnt5a induces proliferation and migra-
tion of endothelial cells in vitro (Cheng et al., 2008; Masckauchan
et al., 2006), and differentiation of embryonic stem cells into
endothelial cells (Yang et al., 2009); Wnt7a and Wnt7b induce
angiogenesis in the central nervous system (Daneman et al., 2009).
While Wnt signaling is necessary for endothelial differentiation
in vitro and in the central nervous system, it is unclear whether
Wnt signaling interacts with VEGF and Ang to promote pulmonary
vascular development. How endothelial cell differentiation is
regulated at the level of Wnt secretion and whether Wls promotes
endothelial cell differentiation in the developing lung are pre-
sently unknown.
By deleting Wls from different compartments of the embryonic
lung, we uncovered unexpected roles for Wnt signaling in pulmon-
ary vascular development. Wnt signaling induced differentiation
of the endothelial cells by modulating expression of endothelialgrowth ligands Vegfa and angiopoietin1, and their receptors Kinase
insert domain receptor (KDR) and TEK receptor tyrosine kinase
(Tie2). Non-canonical Wnt signaling was found to induce migration
of pulmonary endothelial progenitor cells in vitro. In summary,
these studies offer insights into the mechanisms by which control
of Wnt ligand secretion affects murine lung morphogenesis.
This work supports a general model wherein Wls regulates the
activity of Wnt signaling pathways in an organ-context-dependent
manner.Materials and methods
Mouse breeding and genotyping
Animals were housed in pathogen-free conditions and
handled according to protocols approved by CCHMC Institutional
Animal Care and Use Committee (Cincinnati, OH, USA). Genera-
tion of the Wntless (Wls) conditional knock-out (CKO) mouse has
been described previously (Carpenter et al., 2010). WlsShhCre or
WlsDermo1Cre mutants were generated by breeding Wlsf/f mice
with either ShhCre mice or Dermo1Cre mice and recrossing
resultant mice with Wlsf/f. WlsShhCre Tie2LacZ was obtained by
mating Wlsf/wt ShhCreþ /− with Tie2LacZ mice. WlsDermo tomato
were generated by breeding Wlsf/wt Dermo1Creþ /− with
TomatoGFPþ mice. Similar strategy was utilized to generate
WlsShhCre Tomato (Muzumdar et al., 2007). Genotypes of transgenic
mice were determined by PCR with genomic DNA isolated from
mouse tail or embryonic tissue. Primers utilized for genotyping
and efﬁciency of recombination have been provided as Supple-
mentary material (Table S1 and Fig. S1).
Histology, immunohistochemistry and immunoﬂuorescence staining
Embryonic tissue was ﬁxed and embedded in parafﬁn or frozen
using OTC. Sections (6 μm) were processed for H&E or DAB
staining as described (Mucenski et al., 2003). For immunoﬂuores-
cence, sections were blocked with normal serum and incubated
with a mix of primary antibodies overnight at 4 C. Fluorochrome-
conjugated anti IgG antibodies were applied for 1 h at room
temperature. Sections were preserved in VECTASHIELD mounting
medium with DAPI (Vector) to visualize nuclei. Primary antibodies
included Sox2, proSPC, Scgb1a1, Sox17, Foxf1 (Seven Hills Reagents)
CD34 (Abcam), α Smooth Muscle Actin (αSMA, Sigma), Sox9, and
phosphohistone-H3 (PHH3) (Santa Cruz).
Whole mount X-galactosidase staining
Embryonic lungs were dissected and ﬁxed in 4% paraformalde-
hyde (PFA) in PBS for 30 min, then washed in PBS and stained
2–3 h in X-gal staining solution. To stop the reaction, explants
were washed in 3% dimethyl sulfoxide–PBS, rinsed in PBS then
washed and stored in 70% ethanol. For imaging, explants were
dehydrated in methanol and cleared in methyl salicylate. Explants
were dehydrated in a graded series of ethanol and subsequently
processed for parafﬁn embedding and sectioning.
Endothelial cell isolation and gene expression
E 18.5 lungs were minced and disaggregated in a collagenase
and trypsin solution for 30 min, neutralized with an equal volume
of MEM and 10% FBS, strained through 50 mm mesh. The cell
suspension was incubated with CD34 (eBioscience) antibody in
saponin-containing buffer for 30 min and washed three times in
PBS. After staining, cells were sorted based on their positivity for
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from these cells for gene expression analysis.
Cell proliferation and cell death
Lung sections were labeled with PHH3 antibody to determine
mitotic index. Labeled cells and total cells were counted per each
ﬁeld photograph at 40 and ratios of proliferating cells to total
cells were calculated. Average mitotic index was determined in
three–ﬁve randomly selected ﬁelds per section. TUNEL assay was
performed in sections of E14.5 embryos using a commercially
available detection kit (Roche). Endothelial cell proliferation was
assessed by ﬂow cytometry using a FacsCallibur ﬂow cytometer
(BD) and a commercially available BrdU ﬂow Kit (BD). Pregnant
females (gestational day E18.5) were injected intraperitoneally
with BrdU (10 μg/ml/kg) 2 h before sacriﬁce and embryo harvesting.
The number of CD31þ and CD34þ cells in single cell suspensions
of E18.5 lungs was analyzed. Nucleated cells were gated based on
forward and side scatter and were conﬁrmed with Nuclear-ID Red
staining (Enzo Life Science). Analysis was performed using FlowJo
software (TreeStar). BrdU incorporation and cell-marker positivity
were determined based on isotype controls. Endothelial cell apop-
tosis was determined using an Annexin-V assay kit (Biovision).
Embryonic whole lung explant culture
Embryonic lungs were harvested at E11.5 and cultured at air–
liquid interphase as described (Hyatt et al., 2004). Wnt5a (200 ng/ml),
or BIO (6-bromoindirubin-3'-oxime) (1 μM) were added to the media
3 h after initiation of culture. Lungs were harvested and processed for
downstream applications after 72 h. of culture. Photographs were
taken every 24 h.
RNA extraction and RT-PCR
Gene expression was determined by quantitative RT-PCR. RNA
was isolated from single lungs using a commercially available kit
(RNAeasy mini kit or micro kit, Qiagen-Promega). Reverse tran-
scription was performed according to manufacturer instructions
(Verso Fisher Sci), and Taqman probes were utilized to detect
differential expression using a StepOnePlus RT-PCR System.
Migration assay
MFLM-4 cells (Akeson et al., 2000) were seeded in ﬁbronectin-
coated plates (BD) and incubated in differentiation media (MEM,
1% FBS, bFGF (10 ng/ml) and LIF (1000 U/ml), Invitrogen). Using a
200 μl pipette tip, a wound was induced in the monolayer. Media
culture were removed and replaced with fresh differentiation
media containing recombinant Wnt ligands Wnt5a or Wnt3a
(100 ng/ml) (R&D), Ca2þ/calmodulin-dependent protein kinase
inhibitor KN93 (10 μM) (Millipore), and JNK inhibitor II (25 μM)
(Millipore). Images were acquired at 0, 7 and 24 h post-scratch
using bright ﬁeld microscopy.
Microvasculature imaging
E18.5 embryos were injected with tomato lectin from Lycoper-
sicon esculentum (Vector labs) in umbilical vessels using a method
developed by Lang and collaborators (Lang et al., 2011). In brief,
after removal from pregnant mice, uterine horns were kept in
warmed PBS for 30 min. Embryos were isolated from the uterus
just before injection with lectin. Embryonic membranes were
isolated carefully without disrupting umbilical vessels that
remained bound to the placenta. Approximately 500 μl of a
0.5 mg/ml solution of lectin was injected in the umbilical vesseland allowed to circulate in the embryo for at least 20 min. During
this process, embryos were maintained in parafﬁn coated dishes
partially cover with warmed PBS. Afterwards, embryos were
returned to PBS before proceeding to ﬁxation. Embryos were ﬁxed
in zinc-formaldehyde overnight, dehydrated in a methanol series
then cleared with Murray's clear (Jahrling et al., 2009; Ott, 2008).
Pictures were obtained using a confocal microscope (NikonA1Rsi).
Tridimensional reconstruction and movies were generated using
ImageJ (NIH) and IMARIS software (BITPLANE Scientiﬁc Software).
Statistics
Quantitative data were presented as meanþstandard error.
Experiments were repeated at least twice with a minimum of
three biological replicates for each group. Statistically signiﬁcant
differences were determined by paired T-test or one-way ANOVA
followed by post hoc pairwise multiple comparison procedures
(Holm-Sidak method). Signiﬁcance was set at Po0.05.Results
Deletion of Wls in lung epithelium causes perinatal death
Germline deletion of Wls results in embryonic lethality due to
gross anomalies in anterior–posterior axis establishment (Fu et al.,
2009). To overcome this limitation, we utilized a conditional Wls
knockout mouse (CKO Wls) (Carpenter et al., 2010). Given the
importance of Wnt signaling in foregut speciﬁcation and pattern-
ing (Cardoso and Lu, 2006; Li et al., 2008; McLin et al., 2007; Ober
et al., 2006), we crossed the CKO Wls mouse with a ShhCre
transgenic mouse (Harfe et al., 2004). Endogenous expression of
Shh is present in endodermally-derived organs including the
epithelium of the developing lung. Animals with genotype Wlsf/
wt ShhCreþ / are phenotypically indistinguishable fromwild type.
These mice were crossed with Wlsf/f animals to yield Wlsf/f
ShhCreþ / mutants (hereafter WlsShhCre ) recovered at expected
Mendelian ratios. Deletion of Wls was conﬁrmed in whole lung
tissue by PCR (Supplementary Fig. S1) and by crossing the Wlsf/wt
ShhCreþ / to the Tomato reporter mice (Fig. 1D). WlsShhCre
mutants die at birth of respiratory failure. Newborn WlsShhCre
lungs were hypoplastic and hemorrhagic with partially fused lobes
on the right (Fig. 1A, panes 1–2). Lung mass of WlsShhCre was
approximately one fourth that of control (Fig. 1A, pane 3). We also
observed a complete lack of tracheal cartilaginous rings without
tracheo-esophageal ﬁstula (not shown). Mechanisms underlying
the tracheal phenotype are currently under investigation. Gross
morphological anomalies were not detected in other organs,
including the intestine. These results support the hypothesis that
epithelial Wls expression is an essential regulator of respiratory
tract morphogenesis.
Wls promotes branching morphogenesis
We analyzed the developing WlsShhCre lung and detected
abnormalities in branching morphogenesis as early as E12.5
(Fig. 1B). At this stage, WlsShhCre lungs had fewer branches and
right lung lobes were partially fused. By E14.5, airways were
dilated and extended to pleural edges of the WlsShhCre lung. As
development progressed, lung growth was impaired, and extra-
vasated red blood cells were observed in the mesenchyme. By the
end of gestation, mutant lungs exhibited generalized hemorrhage.
The WlsShhCre phenotype is similar to that observed after deletion
of Wnt7b, wherein lung growth, distal development and mesench-
ymal cell lineage differentiations were impaired (Cohen et al.,
2009; Shu et al., 2002). This phenotype is also similar to the
Fig. 1. Wls is necessary for pulmonary growth and branching morphogenesis. (A) Whole mount images of P0 (Postnatal day 0) control and WlsShhCre lungs show
hypoplastic lungs, hemorrhage and partially fused lobes in the latter (1). A higher magniﬁcation of the WlsShhCre lung is depicted in (2); (RL, right lobe). Pulmonary mass was
reduced in WlsShhCre mice (3). (B) At E12.5, WlsShhCre lungs have fewer branches. (C) H&E staining was performed on sections of pulmonary tissue obtained from several
representative stages of lung development (E14.5–PO). Reduced peripheral lung tissue is observed as development progresses. Images are representative of three samples.
(D) Efﬁciency of Cre recombinase activity was conﬁrmed in lungs of WlsShhCre mice using Tomato reporter mice.
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mouse and chick embryos following Wnt5a over-expression/mis-
expression (Li et al., 2005a; Loscertales et al., 2008). In contrast to
ﬁndings of lung agenesis observed in mice wherein the canonical
Wnt-signaling effector β-catenin was deleted in endodermal fore-
gut before lung speciﬁcation (Goss et al., 2009; Harris-Johnson
et al., 2009), the WlsShhCre mice developed lungs. This suggests
that deletion of Wls from developing endoderm did not abrogate
epithelial canonical Wnt/β-catenin signaling likely triggered by
Wnt ligands produced by the mesenchyme. Since Wnt ligands are
differentially expressed in lung compartments (De Langhe et al.,
2008; Li et al., 2002a; Shu et al., 2002) and Wls is expressed in
both mesenchyme and epithelium of developing lung (Fu et al.,
2009; Jin et al., 2010b), these data support the concept that
epithelial Wls regulates branching morphogenesis likely by con-
trolling the production and secretion of epithelially expressed Wnt
ligands.
Wls is necessary for respiratory epithelial cell differentiation
The branching defects observed in WlsShhCre lungs prompted us
to analyze whether proximal to distal patterning was disrupted by
deletion of Wls. Immunohistochemistry and immunoﬂuorescence
staining for airway epithelial cell markers Sox2 and Scgb1a1 and
distal progenitor cell markers Sox9 and proSPC were performed.
At E14.5 Sox9 was expressed in peripheral epithelial cells,
supporting the concept that progenitors of respiratory epithelium
were properly speciﬁed along the proximal–distal axis. By E18.5,
expression of conducting airway markers was expanded to the
periphery of the lung while expression of distal epithelial cell
marker proSPC was almost absent in WlsShhCre mutants (Fig. 2).
Expression of NKX2.1 was detected throughout the respira-
tory epithelium including distal sacculae of WlsShhCre lungs (data
not shown). Remarkably, Sox9, whose expression is downregu-
lated at E18.5 in normal embryos (Okubo et al., 2005; Perl et al.,
2005), was strongly expressed in the peripheral cystic sacculae
of WlsShhCre mice. Moreover, some Sox9 positive cells were found
intermingling with Sox2 expressing cells indicating the disrupted
proximal–distal patterning characteristic of the respiratory epithe-
lium in the WlsShhCre mice. This observation also suggests that theFig. 2. Wls is necessary for pulmonary epithelial cell differentiation. (A–D) Immun
expression pattern were detected at E14.5 (A, B), Sox9 staining persisted in epithelial ce
perturbed proximal–distal patterning of the pulmonary epithelium of E18.5 WlsShhCre (c
(E–H) Immunohistochemistry was performed on sections of E18.5 lungs for Scgb1a1 (E,
peripheral respiratory epithelial cells. In WlsShhCre lungs, the domain of Scbg1A1 exp
detectable (H).peripheral lung hypoplasia observed inWlsShhCre mice may result from
decreased proliferation or impaired differentiation of distal epithelial
cells rather than from expansion of the proximal compartment of
the lung. Thus, epithelial Wls is necessary for differentiation of
peripheral respiratory progenitor cells.
Wls promotes mesenchymal cell proliferation during early stages
of lung development
The hypoplastic lung characteristic of WlsShhCre mice was
evident from early stages of development. To test whether the
lung hypoplasia resulted from abnormal cell proliferation, we
stained for pHH3, a mitotic indicator. At E14.5, cell proliferation
was reduced in the lungs of WlsShhCre mice, particularly in the
mesenchyme where endothelial and smooth muscle cells progeni-
tors are localized (Fig. 3A and B). In TUNEL assays on sections and
Annexin V assays on lung cell suspensions, few apoptotic cells
were detected and no differences were found between WlsShhCre
and control mice (Fig. 3C, D, and data not shown). Thus reduced
proliferation, especially in lung mesenchyme, is likely to mediate
the hypoplastic pulmonary phenotype observed in WlsShhCre mice.
These data support the concept that Wls, via epithelially expressed
Wnt ligands, promotes mesenchymal proliferation.
Epithelial Wls is necessary for pulmonary vascular development
Epithelially expressed Wnt ligands induce mesenchymal devel-
opment, presumably via paracrine signaling (Li et al., 2005a;
Rajagopal et al., 2008; Shu et al., 2002). Lung mesenchyme gives
rise to various cell types including the ﬁbroblasts, pericytes,
smooth muscle cells, and lymphatic and vascular endothelial cells
that form the lung vasculature. The extensive pulmonary hemor-
rhage in WlsShhCre newborns suggested that vascular development
was altered in these mice. The expression pattern and levels of
several endothelial markers, including the transcription factor
Sox17 (which from embryonic morphogenesis exhibits speciﬁc
vascular expression pattern) (Burtscher et al., 2012; Engert et al.,
2009), and the cell surface protein CD34 (Maeda et al., 2002)
(Figs. 4A, B and 7A) were altered in mutants by E14.5. Endothelial
cells in WlsShhCre lungs were clustered and did not form-organizedoﬂuorescence staining was performed for Sox2 and Sox9. While no differences in
lls of the peripheral cysts of the WlsShhCre lungs (arrows, inset of D) demonstrating
ompared to controls, arrow head C). Red blood cells were pseudocolored in white.
F), a marker for conducting airway epithelial cells, and proSP-C (G, H), a marker for
ression was expanded into the periphery (F), while staining for proSP-C was not
Fig. 3. Decreased pulmonary cell proliferation in WlsShhCre mice. (A) Immunoﬂuorescence staining for PHH3 was performed on sections from E14.5 mouse lung.
(B) Mitotic index was determined for mesenchymal and epithelial compartments of developing lung. Proliferation was diminished in the mesenchyme of WlsShhCre lungs
(po0.05 vs. Control). (C) TUNEL assay revealed few apoptotic cells (arrows) in control and WlsShhCre lungs. (D) Quantiﬁcation of apoptosis in mesenchyme and epithelium
did not demonstrate signiﬁcant differences between control and WlsShhCre lungs. Representative images are shown.
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proceeded and is similar to the endothelial cell disorganization
observed after Wnt5a misexpression (Loscertales et al., 2008).
To further understand how epithelial Wnt signaling regulates
endothelial cell differentiation, we analyzed the gene expression
proﬁles of E18.5 CD34þ cells; this cell population is enriched in
endothelial cells and largely overlaps (more than 70%) with the
population of cells labeled by CD31 (Fig. 4C and Supplementary
Fig. S2). The expression of endothelial receptors KDR and Tie2
and the transcription factor Sox17 was reduced when compared
to CD34þ cells from control lungs suggesting a change in the
transcriptional program of these cells. To conﬁrm that these cells
have the potential to respond to Wnt signaling, expression of
several receptors involved in the reception of Wnt ligands was also
assessed. Expression of Fzd receptors (FZD1, FZD4) in mutant and
control cells was similar; in fact, we detected a modest increase in
the expression of FZD7 and Ror2 receptor in mutants. The Ror2
receptor has been shown to mediate Wnt5a signaling in several
contexts, including chick lung organogenesis (Loscertales et al.,
2008). Since Wnt7b is required for vascular muscle cell develop-
ment, (Cohen et al., 2009; Shu et al., 2002) we analyzed αSMA
mRNA and the expression pattern. At E14.5 αSMA mRNA was
decreased in whole lung homogenate from WlsShhCre mice
(Fig. 4D). Immunohistochemistry analysis showed that vascular
αSMA staining was similar in WlsShhCre and control lungs. In
contrast, abnormalities in airway αSMA staining were observed
in WlsShhCre lungs being decreased and discontinuous along the
airways (Fig. 4D). Taken together these data support the concept
that epithelial Wls is required for development of endothelial cells
in the pulmonary microvasculature.
Mesenchymal deletion of Wls does not alter early lung morphogenesis
We tested if mesenchymal deletion of Wls disturbed epithelial
and endothelial development by deleting Wls in mesenchymeutilizing a Dermo1-Cre mouse (Yu et al., 2003). Efﬁcient deletion
of Wls was demonstrated by PCR (Supplementary Fig. S1B) and
RT-PCR (Fig. 5C). Dermo1 Cre activity was observed in foregut
mesenchyme as early as E9.5 using the reporter mice
TomatoGFPþ (Supplementary Fig. S1C). Speciﬁc and efﬁcient
Dermo1Cre mediated recombination was detected in mesenchyme
of WlsDermo1CreTomato lungs (Fig. 5A). WlsDermo1Cre mutants died in
utero at approximately E14.5. Despite a complex set of anomalies
observed in several organs and skeletal system, lung abnormalities
were not seen in WlsDermo1Cre mice. Expression of the signaling
molecule Shh, and endothelial markers including Sox17 and CD34,
was unaltered (Fig. 5B and C and not shown). A modest increase in
Ang-1 mRNA was observed (Fig. 5C). Airway smooth muscle
differentiation was unaltered in WlsDermo1Cre as determined by
staining of αSMA (Supplementary Fig. S3). Because these embryos
died at mid-gestation due to cardiac anomalies, analysis of lung
morphogenesis beyond E12.5 was not possible. To overcome this
limitation, embryonic lung explant cultures were used to deter-
mine the developmental potential of WlsDermo1Cre lungs. At E12.5,
a subtle alteration in branching pattern (elongated branches) was
observed in WlsDermo1Cre lungs, but mutant lungs developed
comparably to control in in vitro explant culture (Fig. 5D). The
subtly altered branching pattern in WlsDermo1Cre may be secondary
to the skeletal defects observed in these embryos. These results
and data from epithelial deletion of Wntless suggested that
mesenchymal Wnt ligands regulated by Wls are not essential for
lung morphogenesis.
Epithelial Wls is required for pulmonary capillary bed formation
Using FACS we determined that the number of endothelial cells
at E18.5 was reduced in WlsShhCre lungs (Fig. 4b), while CD31þ
and CD34þ cells proliferated at similar rates in WlsShhCre and
control lungs (data not shown). In light of these ﬁndings, we
studied earlier stages of pulmonary endothelial development
Fig. 4. Pulmonary endothelial development relies on Wnt signaling from the epithelium. (A) Immunohistochemistry for the endothelial cell markers Sox17 and CD34
performed on sections of E14.5 and E17.5 lungs showed diminished expression in WlsShhCre lungs. Images are representative of three or more independent samples. (B) FACS
histograms of CD34 labeled cells from disaggregated control (black) and mutant (blue) lungs showed fewer endothelial cells in WlsShhCre lungs. (C) qRT-PCR performed on
CD34þ cells from disaggregated E18.5 lungs demonstrated decreased expression of endothelial markers (KDR, TEK, Flt1, and Sox17) in WlsShhCre CD34þ cells. (n¼3,
*po0.05, **po0.01 vs. Control). (D) αSMA mRNA was decreased in lungs of WlsShhCre mice as determined by qRT-PCR; (*po0.05 vs. Control). Immunohistochemistry on
sections of E14.5 lungs showed decreased and discontinuous expression of αSMA in airways of WlsShhCre mice (arrows). No differences were detected in vascular αSMA
expression between control and WlsShhCre lungs; (Ai: Airway, *blood vessel).
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ished in WlsShhCre mutants. At E11.5, no differences in endothelial
marker staining were observed in the WlsShhCre lung (Fig. 6A). This
ﬁnding suggests that the diminished number of endothelial cells
found at the end of gestation was not due to anomalous speciﬁca-
tion of endothelial precursors. Since mesenchymal cell prolifera-
tion at E14.5 was reduced in WlsShhCre lungs, we reasoned that this
may account for the reduced number of endothelial cells seen later
in development. To test this hypothesis, we crossed the Wlsf/wt
ShhCre/wt with Tie2lacZ mice. In these mice, a fragment of the
murine Tie2 promoter selectively drives the expression of the LacZ
reporter gene in endothelial cells (Schlaeger et al., 1997; van Tuyl
et al., 2005). The LacZ staining was reduced in WlsShhCre as early as
E14.5 indicating decreased vascularization (Fig. 6C and D).Confocal images using ﬂuorescein labeled Lycopersicon esculentum
(tomato) lectin to stain endothelial cells of WlsShhCre mice at E18.5
demonstrated decreased formation of the pulmonary vasculature
at E18.5. Dysmorphic peripheral blood vessels with a paucity of
capillaries and enlarged cystic vessels or “lacunae” similar to those
seen in hemangiomas were observed in WlsShhCre mice (Fig. 6F and
Supplementary Movies 1 and 2).
Epithelial Wls acts upstream of VEGF and Tie2-angiopoietin and
independently of Shh and FGF signaling
The hypoplastic lung and vascular abnormalities seen in WlsShhCre
mice suggest that Wls acts upstream of signaling pathways controlling
branching morphogenesis, proliferation and vascular development;
Fig. 5. Mesenchymal deletion of Wntless does not affect pulmonary morphogenesis. Wntless was conditionally deleted in developing mesenchyme using Dermo1Cre
mice. (A) Genetic labeling using Tomato reporter mice showed efﬁcient and speciﬁc recombination in pulmonary mesenchyme mediated by Dermo1Cre in WlsDermo1Cre lungs
at E12.5. (B) Immunohistochemical staining for Sox2 (proximal airway) and Sox17 (endothelium) was unaltered in lungs of WlsDermo1Cre mice. (C) Quantitative RT-PCR
analysis of whole lung homogenates fromWlsDermo1Cre embryos at E12.5 revealed no changes in expression of most endothelial genes; (n¼4, *po0.05 vs. Control, **po0.01
vs. Control, ***po0.001 vs. Control). (D) Lungs from WlsDermo1Cre mice branched normally in fetal lung explant culture.
B. Cornett et al. / Developmental Biology 379 (2013) 38–52 45the vascular defects in WlsShhCre lungs (Fig. 6) were similar to those
seen after VEGF perturbation and angiopoietin misexpression (Del
Moral et al., 2006; Galambos et al., 2002). Since Shh and FGFs are
involved in development of the pulmonary vasculature, we sought to
test if Wls acts upstream of these signaling pathways to mediate
proper vascular development. At E12.5, an early stage of pulmonary
vascular development characterized by proliferation of endothelial
cells and formation of immature vascular lumina (Yamamoto et al.,
2007), neither Shh, FGF9 nor FGF10 mRNAs were altered in WlsShhCre
lungs. In contrast, expression of endothelial growth factors Vegfa and
Ang-1, and their receptors VEGFR2 (KDR) and Tie2 (TEK) were
decreased (Fig. 6G). These data suggest that epithelial Wls signaling
plays a key role in vascular development and that epithelial Wls
modulates VEGF and angiopoietin pathways independently of Shh and
FGF signaling pathways.Activation of canonical Wnt signaling is insufﬁcient to rescue the loss-
of-function phenotype in WlsShhCre
Wntless mediates secretion of Wnt ligands that trigger either
canonical, non-canonical or both types of responses and thus controls
the Wnt signaling response. To assess whether activation of canonical
Wnt/β-catenin signaling rescues epithelialWls deletion, pregnant mice
were injected from E10.5 to E12.5 with LiCl. This salt inhibits GSK3β
thus stabilizing β-catenin. While previous studies demonstrated that
LiCl treatment rescued the pulmonary phenotype induced by deletion
of individual canonical Wnt ligands in vivo (Cohen et al., 2009; Goss
et al., 2009), we were unable to restore abnormalities in branching
morphogenesis induced by the epithelial deletion of Wls even at
higher LiCl concentrations than previously used (Fig. 7A). While
staining for the endothelial marker CD34 was not altered by LiCL
Fig. 6. Epithelial Wnt signaling directs vascular development. (A, B) Immunohistochemistry for endothelial marker Sox17 was performed on sections of E11.5 lungs. The
staining pattern was similar in control (A) and WlsShhCre lungs (B). Endothelial cells were genetically labeled by crossing the WlsShhCre mice with Tie2LacZ mice; (L¼ lung,
Li¼ liver, H¼heart). (C, D) Whole mount images of E14.5 control (C) and WlsShhCre (D) lungs are shown. Insets show cross-sections of whole mount. The peripheral vascular
network was reduced in WlsShhCre mice. (E, F) The pulmonary vasculature was labeled with tomato lectin injected into umbilical vessels of E18.5 mice. Confocal-aided z
stacking of images and 3D reconstruction was performed, and then monochromatic data were converted into RGB spectrum using depth color-coding. The anomalous distal
vasculature in WlsShhCre consisted of dilated vessels (F), as opposed to the stereotypical microvasculature present in control embryos (E). (G) Gene expression analysis of
E12.5 whole lung homogenates by qRT-PCR showed decreased expression of endothelial markers in WlsShhCre mice; (n¼4, *po0.05 vs. Control, **po0.01 vs. Control).
B. Cornett et al. / Developmental Biology 379 (2013) 38–5246treatment (Fig. 7A), LiCl induced expression of cyclin D1 a canonical
Wnt target thereby, establishing the effectiveness of the LiCl treatment
(Supplementary Fig. S4). Pharmacological activation of canonical Wnt
signaling using BIO (a GSK3β inhibitor) (Sato et al., 2004) did not
rescue the branching morphogenesis or growth abnormalities
observed in WlsShhCre lungs in vitro (Supplementary Fig. S5A). More-
over, BIO treatment did not induce the expression of endothelial genes
Vegfa, Ang1, KDR or TEK in WlsShhCre lungs (Supplementary Fig. S5B).
Taken together these data indicate that restoration of canonical Wnt
signaling was insufﬁcient to rescue the abnormalities in pulmonary
growth and branching observed in WlsShhCre mice.
Wnt5a modulates endothelial gene expression in WlsShhCre lungs
We tested the extent to which loss of non-canonical Wnt
signaling accounts for the phenotype observed after epithelial
deletion of Wntless. WlsShhCre embryonic lung explants weretreated with recombinant Wnt5a ligand, a ligand that mediates
non-canonical signaling in several contexts including developing
lung (Loscertales et al., 2008). While growth and branching defects
in WlsShhCre explants were not restored by Wnt5a, (Fig. 7B), TEK
mRNAwas induced byWnt5a in control lung explants. In WlsShhCre
lung explants KDR and Vegfa mRNAs were only partially restored
by Wnt5a. However, the expression of canonical Wnt signaling
targets Lef1 and Axin2 was not induced by addition of Wnt5a in
culture media (Fig. 7C). Together, these data suggest that epithelial
Wnt5a inﬂuences pulmonary endothelial differentiation, via a
mechanism that may involve non-canonical Wnt signaling.
Wnt5a induces endothelial cell migration via non-canonical Wnt
signaling
To determine the extent to which canonical or non-canonical
Wnt ligands expressed in the embryonic lung epithelium mediate
B. Cornett et al. / Developmental Biology 379 (2013) 38–52 47migration and tubulogenesis of pulmonary endothelial cells we
performed in vitro studies using the MFLM-4 cell line. These cells
were immortalized from wild type mouse pulmonary mesench-
yme at E14.5, which express endothelial cell markers, and form
tubules when grown on Matrigel (Akeson et al., 2000). We
performed “scratch” migration assays and studied the effects of
recombinant Wnt3a (a prototypical canonical Wnt ligand) and
Wnt5a (a prototypical non-canonical ligand) on cell migration
(Fig. 8). While Wnt3a treated cells migrated normally, addition of
Wnt5a to the media enhanced the ability of the cells to migrate
and close the wound. To further test whether Wnt5a inﬂuences
cell migration via non-canonical Wnt signaling, MFLM-4 cells were
treated with KN93 or JNK inhibitor II (non-canonical Ca2þ or JNK
inhibitors, respectively). Incubation with JNK inhibitor II impaired
cell migration. Moreover, JNK inhibitor II abrogated Wnt5a-induced
migratory effects. Non-canonical Wnt/Ca2þ inhibitor KN93 had little
effect on cell migration; however, co-incubation of KN93 with Wnt5a
ligand prevented the ability of the cells to migrate in response to
Wnt5a (Fig. 8). Neither Wnt3a nor Wnt5a altered tube formation in
MFLM-4 cells. Inhibition of non-canonical Wnt signaling induced by
incubation with JNK inhibitor II or KN93 impaired the ability ofVideo S2. A video clip is available online. Supplementary material related to this article
Video S1. A video clip is available online. Supplementary material related to this articleMFLM-4 cells to form tubules, while DKK1 (a canonical Wnt signaling
inhibitor) had no effect on tubulogenesis (Supplementary Fig. S6).
Taken together, these in vitro data support the concept that non-
canonical Wnt signaling via JNK and to a lesser extent Wnt/Ca2þ
pathway, promotes migration of embryonic pulmonary endothelial
cells.Discussion
Present ﬁndings demonstrated that deletion of Wls from the
embryonic pulmonary epithelium inhibited growth and differen-
tiation of peripheral lung, and disrupted both branching morpho-
genesis and formation of the pulmonary vasculature. In contrast,
deletion of Wls from the mesenchymal compartment of the
embryonic lung had little effect on epithelial and microvascular
development. Epithelial Wls was required for appropriate expres-
sion of essential regulators of vascular development: KDR, Vegfa,
TEK, and Ang-1. Non-canonical Wnt signaling promoted migration
of pulmonary endothelial cells in vitro. Taken together, these
studies support the concept that Wls serves as a modulator ofcan be found online at http://dx.doi.org/10.1016/j.ydbio.2013.03.010.
can be found online at http://dx.doi.org/10.1016/j.ydbio.2013.03.010.
Fig. 7. Wnt5a modulates endothelial gene expression in vitro in lungs of WlsShhCre mice. (A) Pregnant mice were injected with LiCl or NaCl (200 mg/kg body weight)
once daily from E10.5 to E12.5. No changes in embryonic growth or pulmonary branching morphogenesis were detected after treatment with LiCl. Expression of the
endothelial marker CD34 was not improved by treatment with LiCl, as shown by immunohistochemistry in sections from lungs of WlsShhCre and control mice at E14.5.
Intensity of the CD34 staining was not increased by LiCl treatment. (B) Incubation of embryonic lung explants with rWnt5a (200 ng/ml) for 72 h did not rescue the impaired
branching and growth characteristics of WlsShhcre lungs. (C) Wnt5a induced expression of some endothelial markers in fetal lung explants as determined by qRT-PCR
performed on whole explant; (results are average of 4–6 samples, *po0.05 vs. Control, **po0.01 vs. Control, ***po 0.001 vs. Control, #po0.05 vs. Mutant).
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Fig. 8. Non-canonical Wnt signaling promotes migration in MFLM-4 cells. Scratch assays were performed using MFLM-4 cells (embryonic mouse pulmonary
mesenchymal cells) in the presence of Wnt3a (100 ng/ml), Wnt5a (100 ng/ml), JNK inhibitor II (25 μM), or KN93 (10 μM). Wnt5a induced cell migration while incubation
in presence of Wnt3a did not alter cell migration. Wnt5a induced cell migration via JNK signaling and to lesser degree via Ca2þ , as determined by assays performed in the
presence of Wnt5a and JNK inhibitor II or KN93. Representative images are shown; (results are average of 3 to 6 samples, **po0.01 vs. Control, ***po0.001 vs. Control,
##po0.01 vs. Wnt5a, ###po0.001 vs. Wnt5a).
B. Cornett et al. / Developmental Biology 379 (2013) 38–52 49Wnt signaling activity in epithelial cells of the fetal lung by
controlling unique aspects of pulmonary morphogenesis and
vascular development.
Differentiation of pulmonary endothelium is dependent upon
epithelial Wnt signaling
VEGF and Tie-angiopoietin are important signaling pathways
mediating pulmonary vascular development (Del Moral et al.,
2006; Hato et al., 2009; Hiragun et al., 2000; Maniscalco et al.,
2002; van Tuyl et al., 2007; Yamamoto et al., 2007). As early as
E12.5, mRNA encoding receptors for Vegfa (KDR, FLT1) and
angiopoietin1 (TEK) were decreased in the WlsShhCre lung before
detection of vascular abnormalities. The ligands Vegfa and Ang1,
both expressed by pulmonary epithelial cells were decreased in
WlsShhCre mice as well. Thus, epithelial Wls is required for expres-
sion of endothelial growth factors that have important paracrine
roles in the differentiation and proliferation of endothelial cell
precursors in the lung mesenchyme. The ﬁnding that TEK and KDR
mRNA were decreased in WlsShhCre lungs suggests that epithelial
Wnt ligands may signal directly to endothelial cells to induceendothelial gene expression, a ﬁnding in part supported by
embryonic lung explant culture wherein the addition of Wnt5a
modestly induced KDR and TEK mRNA. These data are consistent
with previous studies wherein Wnt5a induced endothelial TEK,
Flt1, and Flk-1 expression in vitro (Masckauchan et al., 2006; Yang
et al., 2009).
Deletion of Wls in embryonic epithelium caused defects in
pulmonary vascular architecture, suggesting that Wls induces
endothelial cell differentiation via a paracrinemechanism that requires
Wnt ligand secretion from the epithelial compartment. At E14.5, the
density of the pulmonary microvasculature in WlsShhCre lungs
was decreased. At later stages (E18.5), the proximal regions of the
pulmonary vasculature were misshapen and peripheral regions con-
sisted of enlarged dilated vessels with few capillaries. These abnorm-
alities in vascular architecture were not observed after deletion of
Wnt7b (Cohen et al., 2009; Shu et al., 2002) or missexpression of
Wnt5a (Li et al., 2005b) and seem to be unique to the epithelial Wls
deletion. The disrupted architecture of the vasculature observed in
WlsShhCre lungs is likely caused by abnormal endothelial cell migration
and tubulogenesis. The role of Wnt signaling in endothelial migration
was supported by in vitro studies, wherein non-canonical Wnt
Fig. 9. Model. Deletion of Wntless in embryonic lung epithelium prevents the
secretion of Wnt ligands that regulate the Wnt signaling activity in developing
lung. Epithelial Wnt ligands are required for differentiation of distal respiratory
epithelial cells. Epithelially expressed Wnt ligands induce expression of endothelial
growth factors Vegfa and Ang1. These factors in turn promote formation of the
pulmonary microvasculature. Epithelial non-canonical Wnt signaling may directly
signal to the endothelium to promote pulmonary microvascular development. We
propose that non-canonical Wnt signaling inﬂuences cell migration and that Wnt5a
modulates expression of endothelial cell growth factors mediating pulmonary
vascular development.
B. Cornett et al. / Developmental Biology 379 (2013) 38–5250signaling via JNK -and to lesser extent Wnt/Ca2þ signaling- promoted
migration of MFLM-4 pulmonary endothelial cells. Present data are
supported by previous in vitro studies demonstrating a role for Wnt5a
in endothelial cell migration and tubulogenesis (Cheng et al., 2008;
Masckauchan et al., 2006).
Although canonical Wnt signaling has been linked to endothe-
lial development—at least in the central nervous system (Daneman
et al., 2009; Liebner et al., 2008; Stenman et al., 2008) the in vitro
studies support a role forWls-mediated Wnt secretion in endothe-
lial cell differentiation and migration independent of canonical
Wnt signaling. Previous studies demonstrated abnormalities in
pulmonary vascular development after deletion of the canonical
Wnt7b ligand. In contrast to the present study, these abnormalities
were linked to abnormal vascular smooth muscle cell proliferation
without the effects on endothelial cell differentiation or on the
architecture of the peripheral microvasculature seen in WlsShhCre
mice (Cohen et al., 2009; Shu et al., 2002; Wang et al., 2005).
In vitro studies presented here suggest that non-canonical Wnt
signaling plays a critical role for pulmonary vascular development,
much as they do in other systems such as the retinal myeloid cells
(Stefater et al., 2011). In WlsShhCre mice, the identity of the non-
canonical ligands mediating pulmonary vascular differentiation in
embryonic lung remains unclear. Because Wnt5a, a prototypical
non-canonical Wnt ligand, is expressed in the developing lung
epithelium, it is likely that this ligand mediates pulmonary
vascular development. However the ex vivo data, shows that
Wnt5a only partially rescues the vascular abnormalities in
WlsShhCre, which suggests that other Wnt ligands and other
growth factors may synergize with Wnt5a to promote vascular
development. While our in vitro data support a role for Wnt5a on
pulmonary endothelial development mediated in part via non-
canonical Wnt signaling, we cannot rule out that in vivo Wnt5a
may trigger canonical Wnt signaling during pulmonary vascular
development.
Epithelial Wnt signaling is necessary for proximal–distal patterning
and differentiation of the respiratory epithelium
The importance of Wnt signaling for proper patterning of the
embryonic lung epithelium is well established (Li et al., 2002b;
Mucenski et al., 2003; Shu et al., 2002). As deletion of Wls likely
prevents the secretion of Wnt ligands from the epithelial compart-
ment, the severe defects in branching morphogenesis and periph-
eral lung differentiation observed in WlsShhCre mice support the
concept that these processes require Wnt ligand secretion from
the epithelium.
Anomalous expression patterns of Scgb1a1 and Sox2, (markers
of conducting airway epithelial cells), and the near-absent expres-
sion of proSP-C, (a marker of peripheral epithelial respiratory cells)
in the WlsShhCre mice, support the concept that epithelial Wls is
required for proper proximal–distal patterning of the lung. This
anomalous patterning of the respiratory epitheliumwas not due to
lack of early speciﬁcation of the peripheral lung. However, at E18.5,
Sox9, a marker for peripheral pulmonary progenitor cells, was
strongly expressed in distal regions of cystic lungs in the WlsShhCre
mice. This ﬁnding and the lack of expression of proSP-C, suggests
that these progenitor cells remain undifferentiated and that Wls is
critical for epithelial cell differentiation. These data are also
consistent with previous studies where the lack of differentiation
of distal respiratory cells correlated with upregulation of Sox9
expression (Okubo et al., 2005). Deletion of the epithelially
expressed Wnt7b or Wnt5a ligands did not affect distal respiratory
cell differentiation in prior studies (Li et al., 2002b; Rajagopal et al.,
2008; Shu et al., 2002). In contrast, present data suggest that
epithelial Wnt signaling is required for differentiation of progeni-
tor cells that will form alveolar regions later in development.The lung hypoplasia and branching morphogenesis defects
seen in WlsShhCre mice are similar in some ways to those caused
by the deletion of Shh (Miller et al., 2004), FGF9 and FGF10
(Ramasamy et al., 2007; Sekine et al., 1999) in developing lung.
In several organs including the lung, Wnt ligands can regulate
expression of FGF ligands or Shh (Cohen et al., 2007; Goss et al.,
2011; Li et al., 2002b, 2005b); however, Shh, FGF9, and FGF10
mRNAs were unchanged in WlsShhCre lungs. In our in vitro studies,
activation of canonical Wnt signaling or Wnt5a alone was not
sufﬁcient to promote growth or restore branching morphogenesis
in the WlsShhCre lung. These results support a model wherein Wls
promotes branching morphogenesis independently of Shh or FGF
signaling and that several growth factors may be necessary to
ensure proliferation and pulmonary branching morphogenesis.
Mesenchymal Wnt signaling is not essential for epithelial and
endothelial differentiation
Previous studies demonstrated the importance of mesenchyme
for lung speciﬁcation, branching and differentiation (Goss et al.,
2009; Hyatt et al., 2004). Epithelial deletion of Wls impaired
endothelial development; but it is unknown if the primary target
of the epithelial signal is the endothelium itself or the mesench-
yme, which in turn may signal to the endothelium. The present
study demonstrated that deletion of Wls from the pulmonary
mesenchyme has little effect on early stages of lung morphogen-
esis. This ﬁnding was supported by the fact that expression of
epithelial and endothelial markers were unaltered in the embryo-
nic lung after mesenchymal deletion of Wls. In contrast, severe
developmental abnormalities were detected in other organ sys-
tems and future studies will address this phenotype.
Wnt2, expressed in the developing pulmonary mesenchyme, is
necessary and sufﬁcient to induce airway smooth muscle cell
differentiation (Goss et al., 2011). In WlsDermo1Cre mutants, we
did not detect abnormalities in airway smooth muscle cells despite
mesenchymal deletion of Wls. This contradictory ﬁnding may be
explained by differences related to cell types in which Cre-
mediated recombination takes place or by compensatory epithelial
B. Cornett et al. / Developmental Biology 379 (2013) 38–52 51Wnt ligand secretion that in WlsDermo1Cre lungs are capable
of inducing smooth muscle cell differentiation. Analysis of the
WlsDermo1CreTomato reporter mice showed efﬁcient and wide-
spread mesenchymal deletion of Wls, supporting a compensatory
mechanism. It is also possible that in the developing lung, Wnt2
secretion may be independent of Wls. Analysis of the phenotypi-
cally normal WlsDermo1Cre lungs show that Wnt signals from the
mesenchyme that rely on Wls for secretion are not necessary for
lung morphogenesis and are not required for pulmonary vascular
development. In contrast, Wnt ligands expressed by the pulmon-
ary mesenchyme are unable to prevent the abnormal morphogen-
esis caused by deletion of Wls in the lung epithelium of WlsShhCre
mice. In summary, epithelial Wls is critical for lung development
while mesenchymal Wls is not required during early lung
morphogenesis.Conclusions
Wls is a modulator of Wnt signaling pathways during lung
development that is required for growth, differentiation and
patterning of the respiratory epithelium and endothelium. While
Wnt ligands are expressed in both epithelial and mesenchymal
compartments, the respiratory phenotype produced by conditional
knockout of Wls in the epithelium demonstrated that Wnt ligand
secretion from the epithelium is critical for pulmonary morpho-
genesis. We propose a model whereby Wls promotes mesenchymal
and endothelial cell differentiation via a mechanism that requires
secretion of Wnt ligands expressed by the respiratory epithelium,
including Wnt5a. (Fig. 9). Proper endothelial development in turn is
required for growth and differentiation of respiratory epithelial
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